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Energy transductionThe D-pathway in A-type cytochrome c oxidases conducts protons from a conserved aspartate on the
negatively charged N-side of the membrane to a conserved glutamic acid at about the middle of the
membrane dielectric. Extensive work in the past has indicated that all four protons pumped across the
membrane on reduction of O2 to water are transferred via the D-pathway, and that it is also responsible for
transfer of two out of the four “chemical protons” from the N-side to the binuclear oxygen reduction site to
form product water. The function of the D-pathway has been discussed in terms of an apparent pKa of the
glutamic acid. After reacting fully reduced enzyme with O2, the rate of formation of the F state of the binuclear
heme-copper active site was found to be independent of pH up to pH~9, but to drop off at higher pH with an
apparent pKa of 9.4, which was attributed to the glutamic acid. Here, we present an alternative view,
according to which the pH-dependence is controlled by proton transfer into the aspartate residue at the N-
side oriﬁce of the D-pathway. We summarise experimental evidence that favours a proton pump mechanism
in which the proton to be pumped is transferred from the glutamic acid to a proton-loading site prior to
proton transfer for completion of oxygen reduction chemistry. The mechanism is discussed by which the
proton-pumping activity is decoupled from electron transfer by structural alterations of the D-pathway. This
article is part of a Special Issue entitled: Allosteric cooperativity in respiratory proteins.ric cooperativity in respiratory
ikström).
l rights reserved.© 2011 Elsevier B.V. All rights reserved.Cell respiration in aerobic organisms depends on an enzyme
complex catalysing reduction of O2 to water. In all eukaryotic forms of
life, and in several prokaryotes, this is a cytochrome c oxidase (COX)
that terminates a functional chain of enzyme complexes within the
inner mitochondrial membrane (the “respiratory chain”), and which
ensures the use of oxygen as an efﬁcient sink of electrons from the
oxidation of hydrocarbon foodstuffs. Apart from this function,
cytochrome c oxidase is itself capable of generating an electrochem-
ical proton gradient across the membrane, thus contributing together
with Complexes I and III to the primary form of energy that drives the
subsequent all-important formation of ATP. Mitochondrial COX
belongs to the A-type heme-copper oxidases [1], structures of which
have been solved by X-ray crystallography of enzymes from bovine
heart, Paracoccus denitriﬁcans, Rhodobacter sphaeroides, and for a
quinol oxidase of Escherichia coli [2–8].
The A-type COX structures are all very similar, and one common
characteristic is the so-called D-pathway that leads from Asp-132 (if
not mentioned otherwise, we use the amino acid numbering based on
subunit I of cytochrome aa3 from Rh. sphaeroides) on the N-side of the
membrane to Glu286 in the middle (Fig. 1). Extensive studies on
bacterial A-type oxidases have indicated that the D-pathway transfersall pumped protons from the N-side to Glu286 (but see Ref. [10]),
fromwhich there is proton transfer (pT) to a proton-loading site (PLS)
above the heme groups; in addition, the D-pathway transfers two of
the four chemical protons into the binuclear centre (BNC) during the
oxidative phase of the catalytic cycle (Fig. 2). The other two chemical
protons are taken up during the reductive phase, and are thought to
be transferred via the so-called K-pathway, which is conserved in all
members of the heme-copper oxidase superfamily [1,11–13]. In this
paper, we will focus our attention on the functionality of the D-
pathway, which is of particular interest due to its involvement in the
mechanism of proton pumping.
The Glu-286 residue at the end of the D-channel is clearly
important for proton-pumping [14], although replacement by an
Asp is acceptable. Glu-286 is absent in B- and C-type heme-copper
oxidases that nevertheless pump protons [1]. Hence, it is not an
absolute requirement for this function, but yet of key importance in
the A-type enzymes. According to the crystal structures there is an
empty nonpolar cavity beyond Glu-286, and the distance to the BNC is
still ~10Å. Theoretical studies have indicated that water molecules
may at least transiently occupy this cavity [15–17], and water is
indeed continuously formed near this domain as the product of the
catalysed reaction. Arrays of water molecules have consequently been
suggested to assist pT from Glu-286 further to the BNC (chemical
protons), and to the PLS (pumped protons; 17, 18). A recent crystal
structure of oxidised Rh. sphaeroides COX indeed shows one water
molecule in this domain [7].
Fig. 1. The D-pathway. Key residues (in green) are numbered following the numbering
in subunit I of the aa3 enzyme from Rh. sphaeroides. Yellow spheres are water molecules
distinguished in the X-ray structure [7]. The redox centres CuA, heme a, heme a3 and
CuB are also shown; the two latter form the binuclear center (BNC). The view is roughly
along the plane of the membrane, where CuA is close to the P-side surface and D132 is
close to the N-side. The programme VMD was used to prepare the ﬁgure [9]. PLS
(proton-loading site) has previously been located near the A ring propionate of heme a3
(see [11]). The red arrow represents proton transfer from Glu286 to the PLS during the
transition from state A to state PR (Fig. 2). The blue arrows represent proton transfers
that occur in conjunction with the subsequent PR→F transition.
Fig. 2. Scheme of the catalytic cycle. The box represents the binuclear center (BNC) with
heme a3, CuB and the cross-linked tyrosine (Tyr288). The low spin heme a is shown on
the left of the box. The events of proton pumping have been omitted (but see the text
and Fig. 1). The sequence from R to O has been termed the “oxidative phase,” and from
O back to R, the “reductive phase.”
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Brzezinski and co-workers have published a series of valuable
studies of pT in the D-channel (for a review, see 19), mainly during
the oxidative phase of the catalytic cycle (Fig. 2). By using the
“ﬂow-ﬂash” technique, they carefully measured the rates of the
PR→F and F→O transitions by time-resolved optical spectroscopy,
and the dependence of these rates on pH of the bulk solution, as
well as changes in this pattern caused by various mutations in the
D-channel. We remind the reader that the PR→F transition involves
no electron transfer (eT) to the binuclear centre, but involves net
uptake of a chemical proton to the latter site (Fig. 2). The observation
that the rate of PR→F (~104 s−1) fell off when the pH was raised
above 9, was attributed to an apparent pKa of 9.4 for Glu-286 [19,20].
It is important to realise that this notion is model-dependent: It
assumes that the rate of PR→F is limited by pT from Glu286 to the
BNC, and that protons on the aqueous N-side of the membrane
equilibrate very fast with Glu286 via the D-channel. This assumption
would seem particularly well founded if pT from Glu286 to the BNC
would precede the proton transfers due to pumping, and such an
order of events was indeed suggested by Brzezinski and Larsson [21].
We therefore ﬁrst analyse this alternative.
2. Which proton moves ﬁrst, for pumping or for chemistry?
Brzezinski and Larsson [21] based their proposal on the observa-
tion that in the reaction of fully reduced enzyme with O2 the rate of
the PR→F transition (~104 s−1 at neutral pH) is unchanged in the
Asp132Asn variant, in which proton input into the D-channel isseverely inhibited, and which does not pump protons [22,23] (NB: the
absence of proton pumping in such multi-turnover experiments does
not preclude the existence of partial reactions of the pumping
mechanism). Thus, the rate-limiting step of the PR→F transition in
wild type COXwould seem to be the ~104 s−1 transfer of the chemical
proton from Glu286 to the BNC, which contradicts the notion of a
faster/earlier transfer of the proton to be pumped. Moreover, Faxén et
al. [24] reported that proton release into the P-phase and uptake from
the N-phase in COX vesicles (i.e. proton “pumping”) occurred later
than eT from heme a to the BNC (during A→PR; Fig. 2), and in
conjunctionwith proton transfer (pT) to the BNC during PR→F. It thus
seemed that proton pumping would not be directly coupled to eT, but
coupled to conformational changes associated with uptake of the
chemical proton into the BNC.
However, Belevich et al. [25] subsequently found that a voltage
change due to an internal vectorial proton transfer event occurred
earlier, in conjunction with the eT of the A→PR transition (red arrow,
Fig. 1), i.e. well before transfer of the chemical proton to the BNC
forming the F state. This voltage change was suggested to comprise
the initiation of proton-pumping by internal pT from Glu286 to the
PLS, which was supported by the ﬁnding that it was abolished by
mutating Glu286 to Gln [25]. More recently, Belevich et al. [26]
reported even stronger supporting evidence: Mutation of Tyr33
(Tyr 35 in COX of P. denitriﬁcans) below Glu286 in the D-channel
(Fig. 1) to phenylalanine, together with blocking proton input into
the channel (Asp132Asn), essentially halted the enzyme in the PR
state in the reaction with O2 (see Section 6). There was obviously
no chemical proton available in this time domain to convert PR into
F; nevertheless, the fast voltage change persisted, and the FTIR data
showed deprotonation of Glu286 [26]. Altogether, there is therefore
compelling evidence for the notion that Glu286 ﬁrst donates a proton
to the PLS, concomitant with eT during A→PR (red arrow, Fig. 1), and
that it then needs to be reprotonated from the D-pathway to be able
to deliver the chemical proton to the BNC and form state F (blue
arrows, Fig. 1). As discussed below (Section 4), such a “second
proton” can be provided by the D-pathway itself.
In wild type enzyme at neutral pH, the voltage change due to
the fast pT event during A→PR is masked by the high-amplitude
voltage change due to pT in the subsequent PR→F transition (blue
arrows, Fig. 1). The fast pT phase became distinguishable in several
independent cases only when the amplitude of the major pT of the
PR→F transition was suppressed, either by mutations in the D-
pathway that abolish proton-pumping [25], by mutating Trp172 to
Phe [27], or at high pH where overall proton-pumping is abolished
[25,28]. Note in particular that our thesis implies that the primary
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conditions where proton pumping is found to be lost in multiturnover
experiments, or the amplitude of overall charge translocation is strongly
reduced in electrometricmeasurements. Of course, this also implies that
in these cases theproton thatwasprimarily transferred to thePLS/pump
site returns or leaks later back to Glu286 (or to the BNC via Glu286).
Lepp et al. [28] conﬁrmed the presence of the fast pT phase at
high pH in Rh. sphaeroides COX proteoliposomes, but they ascribed
it to charge transfer in the K-pathway because they found it to be
abolished in the Lys362Met variant. Such involvement of the K-
pathway seemed odd to us, because mutations in the K-pathway
have been described to have only minor effects on the oxidative
phase [29], and because we had observed that this phase of potential
generation was abolished by mutating Glu286 in the D-channel [25].
In fact, Fig. 3 shows that in our hands this pT phase is deﬁnitely
present in the Lys354Met variant of P. denitriﬁcans COX (correspond-
ing to Lys362Met in R. sphaeroides), as measured electrometrically
at alkaline pH when the main phase of proton translocation is
abolished, and that it occurs in kinetic conjunction with the A→PR
transition also in this variant, as measured by optical spectroscopy.
Therefore, we see no reason to depart from the view that it
represents proton transfer from Glu286 to the PLS/pump site,
which thus precedes transfer of the chemical proton to the BNC.
Lee et al. [30] recently showed that mutations of conserved serines
in the D-channel just below Glu286, viz. Ser200 and Ser201, to bulky
apolar residues, dramatically slowed down the rate of the PR→F
transition, but nevertheless retained the fast voltage change coupled
to A→PR discussed above. From this they concluded “… the
observation that this voltage change displayed essentially the same
time constant with the S200V/S201V and S200V/S201Y mutants
(where proton transfer from E286 is signiﬁcantly slowed) as with the
wild-type CytcO is not consistent with the proposal that it is due to
proton transfer from E286.” The observation of a slow rate of PR→F
together with a retained fast charge translocation phase during A→PR
parallels the ﬁndings with the Tyr33Phe variant discussed above [26],
and with the Trp172Phe variant. Mutating the Trp172 (Trp164 in P.
denitriﬁcans COX), which lies on the P-side of Glu286 (Fig. 1), to Phe
[27] was earlier shown to result in a phenotype not too dissimilar
from the one described above. Thus, the rate of F formation was
substantially decelerated as found in ﬂow-ﬂash experiments, but theFig. 3. Electric potential generation during A→PR in the Lys354Met variant of
P. denitriﬁcans COX at high pH. The electrometric experiment (red trace) was
performed as in [25] with proteoliposomes at pH 10.0. Conditions: 100 mM CHES
buffer supplemented with 50 mM glucose, 0.3 mg/ml catalase, 3 mg/ml glucose oxidase
and 1 μM hexaammineruthenium (III). Initial CO saturation and full reduction of COX
before injection of O2 and CO photolysis. The blue trace shows absorbance changes at
595 nm following a laser ﬂash at zero time. 22 μM fully reduced Lys354Met COX variant
in 100 mMMOPS (pH 7.0), 0.05 % dodecyl maltoside, saturated with CO, was mixed 1:1
with O2-saturated buffer, followed by a laser ﬂash. The concentration of O2 was
0.66 mM after mixing. Conditions otherwise as in [25]. The fast dip in absorbance is due
to photolysis of CO. It is followed by an absorbance increase due to formation of the
oxygen adduct, state A, after which the absorbance decrease shows decay of the A state
into the PR intermediate (see Fig. 2). The latter transition shows kinetics very similar to
those of the voltage change in red.fast pT translocation phase kinetically coupled to the A→PR transition
was retained.
Such a phenotype indeed means that either (i) the fast voltage
change is not due to pT from Glu286 [30], or then (ii) proton transfer
from Glu286 onwards is not slowed down in these mutants, these two
views being mutually exclusive. Since we found strong evidence that
the fast voltage change is due to proton transfer from Glu286 (see
above), we conclude that the slow PR→F transition in these mutants
is not due to a block of pT from Glu286. Instead, it is due to inhibition
of reprotonation of Glu286 from the D-channel, which is necessary for
the formation of the F state, because the ﬁrst proton from Glu286 is
transferred to the PLS.
3. The pH-dependence of the PR→F transition
Having established the order of pT from Glu286 to be initially to
the PLS/pump site and secondarily to the BNC, we note that the rate of
the PR→F transition could of course nevertheless be limited by pT
from Glu286 to the BNC, as postulated (see Section 1). If this pT is
indeed rate-limiting and Glu286 equilibrates quickly with the N-
phase via the D-channel also at pHN9, then the rate is determined by
the fraction of protonated Glu286, which in turn is a function of pH in
the N-phase (Section 1). If this were the case, the preceding rate of pT
from Glu286 to the PLS/pump site should have the same pH-
dependence. However, the rate of the fast pT during the A→PR
transition is not slowed down even at the highest measured pH
[25,28]. Moreover, FTIR work from several laboratories has shown
that Glu286 remains fully protonated even in the fully oxidised
enzyme at the highest measured pH values of well above 9 ([31,32];
up to pHN10 for P. denitriﬁcans COX, [33]). We conclude that the pH-
dependence of the rate of the PR→F transition in wild type COX is
unrelated to the pKa of Glu286.
We hasten to add that the above conclusion does not necessarily
mean that transfer of the chemical proton from Glu286 to the BNC
would not limit the rate of PR→F in wild type COX at pHb8. In fact, as
discussed above, pT to the PLS occurs together with eT during the
prior transition (A→PR; τ~25 μs), and pT to the BNC follows during
PR→F (τ~60 μs in P. denitriﬁcans COX, which includes the rate of
reprotonation of Glu286). The two rates are different only by slightly
more than a factor of 2 in the P. denitriﬁcans enzyme at neutral pH, so
the rate-limitation by the latter cannot be very profound. However, in
our view the 104 s−1 rate of the normal PR→F transition is more
likely limited by structural changes (involving water molecules)
necessary to switch the pT pathway beyond Glu286 from connection
with the PLS to connection with the BNC [11].
We agree with Brzezinski et al. [20] that pT within the D-channel
is normally very fast, presumably occurring in nanoseconds in wild
type enzyme. We propose that proton ﬂux in the native channel is
governed by how fast protons in proton-binding “antenna” groups
[34] on the N-side surface around the channel oriﬁce deliver to
Asp132 at the channel entrance. Normally, the rate of proton transfer
through the channel itself is given by
v¼ k½AH
where k is the pT rate constant of the D-channel, and [AH] is the
fraction of the protonated form of Asp132, which is poorly occupied at
neutral pH because being close to the aqueous phase its pKa is quite
low. Asp132 is thus mainly deprotonated and accepts protons from
neighbour surface antenna groups. However, the experimentally
observed maximum rate of F formation, somewhat higher than
104 s−1 in wild type enzyme at pHb9 [20], is unlikely to be limited by
the rate by which the antenna groups at the surface can deliver
protons to Asp132, because the PR→F rate in the Asp132Asn variant
(where proton delivery into the channel must be limiting) is the same
as in the wild type enzyme [20].
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k*[AH], exceeds ~104 s−1 that limits the rate of the PR→F transition,
the rate of this transition is independent of pH. However, when this
product is b ~104 s−1 the rate of the PR→F transition becomes pH-
dependent via the pH-dependence of [AH].
Removal of subunit III has been shown to slow down pT
considerably along the D-pathway, and to make the turnover rate
muchmore sensitive to a rise in pH than it is in wild type enzyme [34].
Residues of subunit III contribute to the antenna around the oriﬁce of
the D-channel. The effects of the subunit removal have been
attributed to this, and to increased exposure of Asp132 to the aqueous
N-side causing a decrease of its pKa[34]. As in the case of the
Asp132Asn variant [20], removal of subunit III at neutral pH also did
not affect the rate of the PR→F transition, but in both cases this rate
failed to decline at pH-values above 9, as it typically does in wild type
enzyme [20,34]. There are thus at least two independent examples of
a phenotype where blocking pT into the D-channel makes the rate of
PR→F resistant to high pH in the N-phase (the Asp132Asn variant and
subunit III removal; see Section 5). We have already dismissed the
possibility that this would be due to a long-range effect from the oriﬁce
of the D-channel to Glu286 thatwould increase the apparent pKa of this
residue. Instead, we suggest that the slowing of the rate of the PR→F
transition inwild type COX at pHN9 reﬂects exhaustion of protons from
thebufferingantenna groups, limitingproton entry into the channel and
the rate of reprotonation of Glu286. This view would of course fail if
primary pT from Glu286 (which must be fully protonated at pH values
well above 10; see above) would be to the binuclear site. But as already
discussed, the available evidence favours the view that Glu286 ﬁrst
delivers its proton to the PLS/pump site, and will then have to be
reprotonated to transfer the next proton to the BNC in the PR→F
transition. As discussed below, such reprotonation of Glu286 is still
possible in cases where proton input into the D-channel is blocked.
4. The case of the missing proton
An effect due to exhaustion of antenna protons at high pH would of
course be expected to be absent under conditions where proton uptake
into the D-channel is already strongly compromised, e.g. by subunit III
removal or in the Asp132Asn variant. But now our thesis faces a serious
dilemma: If the ﬁrst proton from Glu286 is transferred to the PLS under
such conditions, reprotonation of Glu286 is required before pT to the
BNC will be possible. Yet, proton uptake into the D-channel is severely
inhibited, and back transfer of the proton at the PLS to Glu286 prior to
the PR→F transition is incompatible with the electrometric data (see
above). Thus, how is it possible that the rate of the PR→F transition is as
fast as inwild type enzymewhen the oriﬁce of the D-channel is blocked,
and the ﬁrst proton from Glu286 has been transferred to the PLS?
The answer to this querywas recently obtained [26]when it became
clear that there is another deprotonatable residue in the D-channel
between Asp132 and Glu286, viz. Tyr33 (Fig. 1). FTIR data showed that
Tyr33 (Y35 in COX from P. denitriﬁcans) becomes deprotonated when
the Asp132Asn variant reaches state F in an oxygen pulse experiment.
With this ﬁnding it becomes clear that the observed apparent pKa above
10 for the pH-dependence of the PR→F transition in the Asp132Asn
mutant, and in subunit III-depleted COX, most probably reﬂects the pKa
of Tyr33. Namslauer et al. [35] reported on the phenotype of the
Tyr33His variant in COX from Rh. sphaeroides. The rate of the PR→F
transition was decreased by a factor of 5, and lacked pH-dependence at
least up to pH 10, whilst the rate of proton uptake from the N-side was
decreased by a factor of ~40. Proton-pumping was found to be
abolished. In the Tyr33Phe variant of P. denitriﬁcans COX (which was
combined with Asp132Asn), PR→F was decelerated 8.5-fold but the
extent of F formation was only ~10% of that in wild type enzyme. Since
pT from the N-phase across the Asp132Asn blockade is not possible in
this time domain, the small extent of F formed heremay be due to some
back-leakage of the proton in the PLS.5. Decoupling the pump by mutations in the D-channel
Mutations of several residues in the D-channel affect the proton
pumping stoichiometry and/or the rate of turnover (for reviews, see
[19,36]), but perhaps the most interesting ones are two structurally
adjacent conserved asparagines (Asn139 and Asn 207) that lie only
~7–8 Å above Asp132 at the channel entrance. Mutation of Asn139 to
Asp [37,38] or Thr [39], or of Asn207 to Asp [40], cause little or no
change in turnover, complete loss of proton-pumping, no change
in the rate of proton uptake via the D-channel as measured by a
pH-indicator on the N-side, and no change in the rate of the PR→F
transition at low pH. Insertion of an aspartate instead of the
asparagine (Asn139Asp and Asn207Asp) changes the pH-dependence
of the PR→F transition by increasing the apparent pKa to a value
above 11 [38,40]. In contrast, the apparent pKa is lowered to ~7.6 in
the Asn139Thr mutant [39].
Brzezinski and Johansson [19] discussed the notion of conforma-
tional isomerisations of the side chain of Glu286 that were earlier
suggested to be of key importance in minimising leaks in the proton-
pumping mechanism [11,41,42]. Many of the above-mentioned
mutations that lead to loss of proton pumping may change the
equilibria between its two positions, one where it forms a pT path
with either the PLS or the BNC (“up”), and the other when it
equilibrates with the D-channel (“down,” as in Fig. 1). As previously
discussed [11,41,42], the state vulnerable to leakage is the unproto-
nated Glu286 anion in the “up” position. Interestingly, the X-ray
structure of the Asn139Asp variant shows preference for the “up”
position [43], whereas “down” is the position found in all wild-type
structures [3–8]. The raised apparent pKa for the PR→F transition in
this variant could therefore actually reﬂect the pKa of Glu286 in this
special case. After Glu286 in the “up” position has initially equilibrated
its proton with the PLS, a switch in pathways must occur to favour
protonic contact between Glu286 (“up”) and the binuclear site,
triggered by the movement of the electron to the BNC [11,18]. We
suggest that it is this pathway switch, and not pT per se, that limits the
rate of the PR→F transition to ca. 104 s−1. However, the preference
for the “up” position of the Glu286 side chain in this variant disfavours
reprotonation of Glu286 from the D-channel (which requires the
“down position”), and therefore the proton in the PLS will be
transferred back to Glu286 and from there to the high pKa acceptor
in the binuclear centre to complete the chemistry.
Alternatively, the raised apparent pKa in the Asn139Asp variant
could reﬂect raised pKa values of Asp132 and some of the antenna
residues due to an electrostatic interactionwith the inserted aspartate.
The lowered apparent pKa for the PR→F transition in the Asn139Thr
mutant [39] may ﬁnd a different explanation. The rate constant k for pT
in the channel (Section 3) is much smaller due to this mutation than in
the previous case, so that the rate of pT becomes limiting for PR→F
already above pH 7.6 when the proton occupancy of Asp132 and the
surface groups is still relatively high.
6. Conclusions
1. When fully reduced COX reacts with O2, the binuclear centre ﬁrst
forms the oxygen adduct (R→A). Next, an electron from heme a
and a proton from the cross-linked Tyr288 is transferred to the site,
and the O-O bond in A is broken (A→PR). This reaction is coupled
to internal proton transfer from Glu286 to the pump site/PLS above
the hemes—the proton pump is loaded. During the next reaction,
PR→F, Glu286 is reprotonated via the D-channel, the (chemical)
proton is transferred to the binuclear site and Glu286 is again
reprotonated.
2. The D-channel contains two deprotonatable high pKa groups above
Asp132 at the entrance, viz. Tyr33 and Glu286.
3. Due to this, the rate of the PR→F transition is still as fast as in wild
type COX when the D-channel entrance is blocked (Asp132Asn
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of the rate of PR→F is raised to a value much higher than the 9.4
found for wild type enzyme, and is likely to reﬂect the pKa of Tyr33.
4. We suggest that themaximal rate of PR→F at neutral pH (~104 s−1)
is not limited by proton transfer, but by the switching of pathways
necessary to redirect protons from Glu286 for chemistry. At neutral
pH the rate of proton transfer through the D-channel is much faster
than this switch, but raising the pH slows down the pT and at a
certain pH (the apparent pKa) it becomes rate limiting. Thus the
apparent pKa is the pH value at which there is a change of the rate
limiting step of the reaction. If the time of pathway switching is
similar for different structural variants, the rate of proton transfer
would dramatically depend on the conductivity of the D-channel (k)
and theprotonoccupancyof surface antennagroups.Hence, variation
of the pH-dependence of the PR→F reaction rate is expected.
5. The rate constant (k) of proton transfer in the D-channel is very
high, presumably ≥109 s−1. The proton transfer (pT) rate in the
channel (v) is therefore usually governed by the occupancy of the
protonated form of Asp132 at the oriﬁce, [AH], which is always
much smaller than unity (due to the expected low pKa of Asp132),
so that v = k [AH]. However, the proton occupancy of Asp132 is
readily replenished by very fast proton transfer from “proton
antenna” groups (mostly histidines) around the D-channel oriﬁce,
until the antenna is devoid of protons at high pH.
6. Inwild type enzyme, the apparent pKa of 9.4 for the pH-dependence
of the rate of the PR→F transition reﬂects the pKa of the antenna
group with the highest pKa, and is unrelated to the pKa of Glu286.
7. Decoupling of proton pumping in various D-channel mutants has
been discussed in terms of changes in the “up”/“down” isomerisa-
tion equilibria of the side chain of Glu286 that may result from
changes in the water structure in the vicinity of this residue. Since
primary loading of the pump site by pT fromGlu286 takes place at a
normal rate in all known cases of decoupling (except for
Glu286Gln), we conclude that decoupling is not due to a change
in the relative rates of pT from Glu286 to the PLS and Glu286 to the
binuclear centre. Instead, decoupling in these variants is the result
of backﬂux of the proton from the PLS to Glu286 in its “up”
position. The rate of such leakage thus depends on the “up”/“down”
equilibrium position of the unprotonated Glu286 anion, and can
vary considerably between different mutants. The longer Glu286 is
in the “up” conﬁguration connected to the pump site, the higher is
the probability for the proton to leak to the binuclear site, which
has a proton acceptor group with the highest pKa.
8. Out of these “decoupled” variants, Asn139Asp also decreases the
sensitivity of the rate of the PR→F transition to high pH, yielding
an apparent pKa of ≥11. This high apparent pKa could reﬂect
the pKa of Glu286 itself. The X-ray structure of this variant supports
the contention that the “up” position of the Glu286 side chain is
favoured. The Glu286 protonwill hence equilibrate with the PLS. The
proton path will now switch to equilibrate Glu286 with the BNC.
Since the Glu286 side chain can be protonated from the D-pathway
only uponmoving to the “down”position,which is less favourable, PR
will turn into F using the proton from the PLS.
9. Another decoupled variant, Asn139Thr, shows an apparent pKa
of 7.6, and the rate of PR→F is again like wild type at low pH.
Now the observed pKa is much lower because the conductivity of
the D-channel (k) is much smaller so that proton transfer into
the channel becomes limiting already at a lower pH, at a higher
proton occupancy of the surface groups and of Asp132.Acknowledgments
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